The distribution and quantitation of enteroviruses among water, suspended solids, and compact sediments in a polluted estuary are described. Samples were collected sequentially from water, suspended solids, fluffy sediments (uppermost layer of bottom sediments), and compact sediment. A total of 103 samples were examined of which 27 (26%) were positive for virus. Polioviruses were recovered most often, followed by coxsackie B viruses and echoviruses 7 and 29. Virus was found most often attached to suspended solids: 72% of these samples were positive, whereas only 14% of water samples without solids yielded virus. Fluffy sediments yielded virus in 47% of the samples, whereas only 5% of compact bottom-sediment samples were positive. When associated with solids, poliovirus and rotavirus retained their infectious quality for 19 days. The same viruses remained infectious for only 9 days when freely suspended in seawater. Collection of suspended solids at ambient water pH appears to be very useful for the detection of virus; it has advantages over collecting and processing large volumes of water, with accompanying pH adjustment and salt addition for processing.
Over 8 x 109 gallons (3 x 1010 liters) of municipal sewage, of which only one-half receives secondary treatment, are discharged each day into the inshore waters of the United States. These effluents contain as many as 200 detectable infectious viruses per gallon (3.785 liters) (22, 26) . Outbreaks of infectious hepatitis and nonbacterial gastroenteritis traced to the consumption of shellfish harvested from polluted coastal water emphasize the significance attached to the occurrence and persistence of human viruses in the marine environment.
Affinity of viruses for mixed liquor-suspended solids during sewage treatment has been demonstrated (3, 17) . The relative concentrations of viruses associated with solids in influents, effluents, and chlorinated effluents from two sewage plants have been determined (34) . About 68% of viruses in raw sewage have been estimated to be associated with suspended solids (27) . A high percentage of solids-associated viruses in sludge has also been demonstrated (16, 34) . The percentage of total coliphage and animal virus numbers associated with solids in secondarily treated sewage discharges ranged from <1.0 to 26% and 3 to 100%, respectively (9) . Association of bacteriophages and animal viruses with solids has a protective effect, resulting in resistance to inactivation by chlorine and an enhanced virus survival in natural waters (1, 2, 7, 30, 31, 33) . A 10-to 10,000-foldgreater virus concentration in sediments than in overlay water was found in coastal Texas and Florida waters polluted by sewage discharges (8) . This observation implies that sediments can not only act as reservoirs of human enteric viruses but also as a source from which virus can be released into a water column by storm action, dredging activities, etc. Recovery of high numbers of viruses in sediments in the absence of detectable virus in 400 liters of overlay water * Corresponding author. suggests that analysis of sediment may furnish more information about water quality than tests of overlay water (8) .
Previous studies with enteric bacteria showed that the greatest number occurred at or near the surface of sediments. Collection of fluffy sediments representing the uppermost layers of bottom sediment became possible after the development of a sediment-associated virus sampler (21) . Development of this capability, coupled with established methods for the collection and separation of water, suspended solids, and compact sediments, made it feasible to determine the fate of viruses in a polluted estuary, which is the subject of this report.
MATERIALS AND METHODS
Sampling sites. Samples of sediment, fluffy sediment, suspended solids, and water were collected from two sites at Kemah and Seabrook in Galveston Bay (Fig. 1) ized to pH 7.0, carried to the laboratory on ice, stored in a cold room overnight, and the next day reconcentrated by the organic flocculation method (12) .
( A 100-gallon (379-liter) water sample from which suspended solids had been removed by filtration through 3-and 0.45-,um cartridge filters was collected in a Nalgene tank. Viruses from this sample were concentrated by using a single 0.45-,um, pleated Filterite filter as described previously (6) . Viruses in the primary eluate were reconcentrated by organic flocculation (12) . Final eluate volumes of 10 ml each were obtained from water, suspended solids, and fluffy sediments, and 20-ml volumes were obtained from compact sediments.
(v) Virus isolation and identification. Virus assays were performed by three methods. (i) Fifty percent of the sample concentrate (5 to 10 ml) was assayed by the plaque technique (20) on monolayer cultures of Buffalo green monkey (BGM) kidney cells propagated in 75-cm2 plastic flasks. Cells were grown on Eagle medium containing 10% fetal calf serum, 100 U of penicillin, and 100 ,g of streptomycin per ml and maintained on the same medium containing 2% fetal calf serum. Test inocula of 1.0 ml each were adsorbed for 1.5 h at 37°C, followed by the addition of overlay medium. (ii) A 1-ml portion of the sample was inoculated into 10 roller-tube cultures of Buffalo green monkey kidney cells (16 by 125 mm), at 0.1 ml per tube. (iii) Selected samples which were negative for virus in the above two methods were examined by the suspended cell-agar overlay technique (4) . In this method, 0.5 ml of test inoculum was added to 1 ml of Buffalo green monkey kidney cell suspension containing 106 to 107 cells, followed by a 1-h incubation at 37°C, after which 2 to 3 ml of agar overlay medium was added, and the agar-cell suspension was plated out in 1-oz (30-ml) bottles. Agaroverlaid monolayers were examined for plaques for 14 to 21 days. Roller-tube cultures were passed at least one time before attributing the cytopathic effect to a viral isolate. Viral isolates were subsequently identified by using LBM (Lim-Benyesh-Melnick) antiserum pools (19) .
(vi) Virus survival. The two viruses used in these experiments were poliovirus 1 (strain LSc) and simian rotavirus SAl1. The estuarine water, sediment, fluffy sediment, and suspended solids were collected at the Kemah sampling site. Poliovirus was assayed as above; rotavirus was assayed on MA104 fetal rhesus kidney cells in monolayer cultures.
Experiments were initiated on the same day that the samples were collected. Four Nalgene bottles representing four systems were prepared. One bottle contained 100 ml of estuarine water minus suspended solids and the viral inoculum. The remaining three bottles contained 10-ml volumes of wet sediment, fluffy sediment, and suspended solids, respectively, to which known numbers of viruses were adsorbed in the laboratory, plus 90 ml of estuarine water. Initial virus numbers varied from 4.5 x 106 to 9.4 x 107 PFU/ml.
Samples were held at room temperature (20 to 25°C) and examined for virus at 3-day intervals for 19 days. A bottle was shaken thoroughly before removal of a sample. A 1-ml sample each (20%) turned out to be positive. All of these samples had been selected because they had been negative for virus when tested by the plaque method and roller-tube culture method. Virus survival. Survival of poliovirus and rotavirus SAil, when associated with different fractions of the water column, is summarized in Table 7 . Results indicate that both viruses survived longer when associated with sedimentary material. The numbers of virus detected on suspended solids on day 15 were almost equal to the numbers recovered from the sediment. Both virus types could be detected in the sediment, fluffy sediment, and suspended solids even on day 19, whereas the same viruses could not be detected beyond day 9 when suspended in seawater. DISCUSSION Previous studies on viruses in Galveston Bay waters polluted by domestic sewage were related to their occurrence and persistence in water, sediment, and shellfish (10, 13, 14, 22, 28) . The present report on the distribution and quantification of naturally occurring enteroviruses among water, suspended solids, fluffy sediments, and compact sediment supports the view that solids-associated virus must be an important consideration in monitoring estuarine waters. Earlier studies (5, 8) recognized sediments as potential reservoirs of enteric viruses which can be released into the water column as a result of agitation of the sediment by storms, dredging, boating, etc. Results obtained in the present investigation indicate that a large fraction of virus associated with suspended solids constantly floating in the water represents a newly recognized source of viral hazard in coastal waters. We recognize that fluffy sediments contain suspended solids-associated virus that recently settled out of the water column, and resuspension of this portion of virus can be caused by mild turbulence or water movements.
Attention has been called to solids-associated virus in recreational and shellfish-producing waters (8, 13, 18 (25) and Norwalk virus-induced gastroenteritis (24) emphasizes the need to recognize the potential hazard of solids-associated viruses in the waters overlying shellfish beds.
Results from various field studies seeking to determine the virus types isolated from the coastal waters of Texas indicate that the predominant virus types vary over time. In the present investigation, poliovirus 2 was isolated on 11 occasions, followed by poliovirus 1 (five times), coxsackie B Further studies are indicated to compare the distribution of viruses in the water column, with emphasis on the solid components. Methods used at present require the adjustment of the water pH to 3.5 and the addition of AIC13 to a final molarity of 0.0015 for processing water samples through negatively charged filters (32) , and this involves considerable time and expense. Although positively charged filters were credited with efficient virus recoveries at ambient pH levels (7.0 to 7.5) from tap water (29) , estuarine waters commonly having pH levels between 7.6 and 8.3 need pH adjustment to near neutrality. In contrast, collection of solids at an ambient pH of estuarine water is not only easy and less expensive to carry out, but it should result in the recovery of greater numbers of viruses.
Viruses recovered from estuarine waters in the present study may have limited significance from a public health point of view, but they also serve as indicators for the occurrence of other human viruses like hepatitis A virus (enterovirus 72) and gastroenteritis viruses. The latter agents are well recognized as potential health hazards to recreational water users and shellfish consumers.
